Time evolution of thermal expansion in the crystal lattice of diamond was studied on the time scale from 100 ps to 18 μs upon heating of the crystal through the entire thickness by a penetrating optical laser pulse of ≈8 ps in duration. Bragg reflectivity curves were measured at different instants of time using pump-probe high-energy-resolution x-ray diffraction with 10 −8 strain sensitivity. The observed time-dependent variation of Bragg reflectivity was found to be in agreement with dynamical diffraction calculations for a crystal with propagating strain generated by thermally induced stress. The strain propagated at the speed of sound for longitudinal waves from both crystal surfaces into the bulk.
I. INTRODUCTION

How fast does a body expand if heated instantaneously?
In most experimental situations the prevailing factor in the time evolution of thermal expansion is the process of reaching thermal equilibrium via various mechanisms of heat transfer (heat conduction, mass transfer, thermal radiation). Only a few studies consider full-scale dynamics of thermal expansion apart from heat transfer. [1] [2] [3] Meanwhile, it is understood that in the absence of heat transfer, mechanical disturbances caused by the induced thermal stress propagate with the speed of sound. Transient lattice dynamics has been extensively studied using the optical pump-x-ray probe method for opaque solids with submicron penetration depths (ζ 1 μm) for the optical pump radiation. [4] [5] [6] [7] [8] [9] For example, Kojima et al. 4 studied lattice dynamics of silicon and found that the lattice expansion in the lateral direction due to pulsed-laser irradiation was negligible. Chin et al. 6 and Rose-Petruck et al. 5 presented a rather clear picture for dynamics of thermal expansion in the initial regime upon generation of thermal stress due to the absorbed laser pulse. Lattice strain initiates at the surface (due to absence of confinement in the direction normal to the surface) and propagates into the bulk with the speed of sound for longitudinal waves. Mechanical relaxation of the impulsively stressed submicron lattice layer occurs as the strain propagates through that layer (i.e., subnanosecond time interval). It was found that in this time regime the lattice dynamics is well described by the thermoelastic model of Thomsen et al. 10 However, strong temperature gradients yield substantial heat diffusion with characteristic times ζ 2 /κ (κ is the thermal diffusivity) on the nanosecond time scale and temperature variation in the material properties. Therefore, it is unclear if diffusive heat transfer plays a significant role in dynamics of thermal expansion, especially beyond the submicron penetration depths. Furthermore, due to high energy density deposited in the submicron surface layer, other mechanisms of heat and energy transfer may play a significant role in strain propagation. For example, if dense electron-hole plasma is generated at the crystal surface, the strain front may propagate into the bulk faster than the speed of sound. 8 Along with pure fundamental interest, there are practical needs for detailed understanding of the dynamics of thermal expansion and the underlying physics. Knowledge of the dynamics of thermal expansion of flash-heated solids is important in studies involving ultrashort (fs to ps duration) pulses of penetrating hard x-rays generated by x-ray free-electron lasers (XFELs). In particular, recent advances in the development of fully coherent hard x-ray sources, self-seeded XFELs [11] [12] [13] and XFEL oscillators (XFELO), [14] [15] [16] [17] rely on extensive use of x-ray crystal optics under heat load of the ultrashort x-ray pulses. Knowledge of the dynamics of thermal expansion is vital for proper performance of the x-ray optics in these projects.
In this work we study a time response of the C (diamond) crystal lattice to a thermal stress induced across the entire sample thickness by a penetrating optical laser pulse. In order to rapidly deposit heat through the entire crystal thickness, pulsed laser excitation was chosen at a wavelength of 400 nm, which is substantially below the optical absorption edge of diamond at 225 nm. A special diamond crystal of thickness d 200 μm with enhanced absorption at 400 nm (absorption length ζ 380 μm) was utilized. To minimize the influence of nonlinear effects induced by the laser radiation, such as radiation damage, generation of shock waves, and nonlinear optical absorption, low-flux laser pulses (≈9 GW/cm 2 ) of ≈8 ps in duration were utilized. Thus, upon the interaction with the laser pulse, temperature gradient and heat transfer across the sample thickness were minimized. The lattice response was directly probed using high-energy-resolution x-ray diffraction. Hard x-ray synchrotron radiation (x-ray energy E X 13.9 keV) with an energy bandwidth E X ≈ 1.5 meV was utilized to measure Bragg reflectivity curves of the C 008 reflection in backscattering at different instants of time. The expected increase in the crystal temperature is only a fraction of Kelvin per pulse. Under these conditions, the use of a high-energy-resolution x-ray diffraction technique with ≈10 −8 strain resolution 18, 19 was crucial.
Three time regimes were studied. In the initial regime, 0-10 ns, it was found that an onset value corresponding to the initial averaged level of thermal expansion occurs due to strain propagating into the depth of the crystal with the speed of sound for longitudinal waves. Time-dependent asymmetric distortion of the reflectivity curves was observed in agreement with dynamical diffraction simulations using the expected propagating strain profiles. In the second regime, 10 ns < 1 μs, a strain standing wave across the thickness of the crystal is established and the lattice parameter oscillates about the onset value. In the third regime (>1 μs), equilibration of the lattice parameter is observed due to heat dissipation.
II. THEORY
To describe strain profiles in diamond crystal induced by an absorbed optical laser pulse we employ the thermoelastic model developed by Thomsen et al. 10 However, our solution has a different form since the absorption length for the laser radiation ζ is comparable with the diamond thickness d. If Q a is the absorbed energy of the laser pulse, and A is the area over which the energy is absorbed ( √ A d), the temperature profile at the sample depth z is given by
where ρ is the density, c is the specific heat capacity for diamond, and γ is the fraction of the absorbed energy Q a transferred to the lattice. Here, we do not calculate γ explicitly but keep it as a free parameter. The laser pulse below the diamond optical absorption edge generates carriers due to ionization of defect states in diamond. It is expected that these carriers will relax by emitting phonons within a few picoseconds. Since our approach is limited to a time resolution of ≈100 ps, we assume that the energy is transferred to the lattice instantaneously. For simplicity, we neglect the intrinsic anisotropy and the Poisson effect (the Poisson's ratio of diamond is only ν 0.07) and assume that the strain η(z,t) = ∂u(z,t)/∂z is only along the z direction. The equations of elasticity to be solved are
where Y is the Young's modulus, α is the linear thermal expansion coefficient, and ρ is the mass density. The boundary conditions are that the stress [Eq. (2)] vanishes at the crystal boundaries z = 0 and z = d. At t = 0, ∂u/∂z = 0 and ∂u/∂t = 0. The solution is given by
Here, v = √ Y/ρ is the speed of sound for longitudinal waves. The function F (n,x) is defined on intervals [nd < x < (n + 1)d] (n = 0,1,2,...). The initial and boundary conditions yield the following iterative procedure to calculate the solution: Thus, strain profiles can be obtained at any point of time using Eqs. (4) and (5). The interaction time of the x rays with diamond is about the length of a synchrotron x-ray pulse ( 100 ps). Therefore, x-ray diffraction probes a snapshot of the crystal lattice profile at a certain time as strain propagates in the z direction. The strain profiles derived above were utilized in dynamical diffraction calculations to obtain reflectivity curves of the strained diamond at different times. The calculations were based on the recursion matrix method. 20 The strain profiles are shown in Fig. 1(a) for different times upon absorption of a penetrating laser pulse resulting in the temperature profile of Eq. (1) (γ = 1). The corresponding simulated reflectivity curves in backscattering are shown in Fig. 1(b) . These curves were convoluted with a Gaussian curve of 3 meV width to simulate the effect of an instrument resolution function. We note that if at any given time the strain distribution is nonuniform, the shape of the reflectivity curve is distorted compared to the shape of the original unperturbed curve at t = 0. At times t n = nd/v the strain wave fronts originated at the surfaces z = 0 and z = d propagate through the entire thickness of the crystal, yielding a nearly uniform distribution of strain at an increased level. The shape of the resulting reflectivity curve is close to that of the unperturbed one and the curve is shifted from the original position E = E 0 by E ≈ 2α T 0 E X . Thus, time-resolved measurements of x-ray diffraction intensity at a fixed energy on either slope of the reflectivity curve would yield distorted oscillations due to the evolving strain profiles.
III. EXPERIMENTAL
The experimental setup for pump-probe high-energyresolution x-ray diffraction is shown in Fig. 2 . A fourbounce high-resolution monochromator (HRM) was used to produce x rays with an energy bandwidth E X ≈ 1.5 meV. 21 An avalanche photodiode (APD A) measuring radiation scattered from the first crystal (Si 1 ) of the HRM was used for normalization purposes. To measure the backscattered signal, another avalanche photodiode (APD B) was placed after the HRM at a small angular offset 2 ≈ 2.5 × 10
from the monochromatic beam incident to the diamond crystal. The angle of incidence for the laser beam was α ≈ 15 deg. The second harmonic of a Ti:sapphire laser (primary wavelength 800 nm) was used. In order to enhance absorption of the 400-nm laser radiation, a nitrogen-doped diamond (type Ib) of high crystalline quality was utilized. The crystal was grown at the Technological Institute for Superhard and Novel Carbon Materials (Troitsk, Russia) using the temperaturegradient method at high static pressure and temperature in a Fe-Co-C system. Nitrogen concentration measured by Fourier transform infrared spectroscopy (FTIR) was about 80 ppm. After the crystallization process, the diamond crystal was cut using a laser and mechanically polished to fabricate a plate with 3.0 × 3.0 × 0.2 mm 3 dimensions. The synchrotron x-ray pulse train (6.5-MHz repetition rate) and the laser pulse train (1-kHz repetition rate) were synchronized, and the delay between the two was electronically controlled. 22 Time gates were formed by a multichannel delay generator and assigned to the x-ray pulses as follows. The first gate selected an x-ray pulse that was incident on the diamond before the arrival of the laser pulse (laser off signal). The second gate was set on the x-ray pulse that arrives to the sample at a time delay τ after the laser pulse (laser on signal). Several additional gates were assigned to consecutive synchrotron x-ray pulses separated by τ p 153 ns. Thus, the signals in the gated channels represented x-ray intensity reflected at times τ = τ + (m − 2) τ p , where m is the gate number. In this data-collection scheme, an energy scan of the HRM yields reflectivity curves at times τ . Prior to data collection, temporal and spatial overlap was achieved between the x-ray beam (size 100 μm) and the laser beam (size 350 μm) on the sample surface.
IV. RESULTS AND DISCUSSION
In the first step, Bragg reflectivity curves were measured at different time intervals upon the arrival of the laser pulse. Figure 3 shows selected reflectivity curves that correspond to a total (static) curve, a time-resolved curve before the arrival of the laser pulse (laser off), and a time-resolved curve at τ = 4 ns after the arrival of the laser pulse (laser on). The experimentally observed single-peak curve with FWHM 26.7 meV confirms high crystal quality for type Ib crystal.
The laser off curve matches the total curve, indicating that the crystal lattice is in a stationary state most of the time between the laser pulses. In contrast, the laser on curve is shifted to lower energies. The low-energy slope of the curve is shifted further than the high-energy slope. Such asymmetric distortion is expected (see Fig. 1 ).
In the next step, the ratio of the normalized laser on (off) backscattering intensities, ± = I on ± /I off ± , was measured at fixed energy positions E ± on the slopes of the curve as a function of time. To maximize the sensitivity of the measurement method these energy positions were chosen at the inflection points. Since the energy shifts for each slope are small, they can be expressed through the values of derivative R (E) = dR(E)/dE of the total reflectivity curve R(E). The intensity variation was converted to a variation of the lattice parameter a/a (i.e., strain) as follows:
In the first experiment data were subsequently collected for each slope in the time interval from 0 to 9 ns with an increment of either 50 or 100 ps. In the second experiment data were collected for each energy slope up to about 760 ns with an increment of 1 ns. In the third experiment data were collected on the low-energy slope in multiple steps covering a region up to 18.2 μs. The resulting strain variation is shown in Fig. 4 in three time regimes. Figure 4 (4)] averaged across the thickness of the crystal (an approximation that corresponds to incoherent superposition of x rays reflected from all the atomic layers). The speed of sound for longitudinal waves calculated from the measured period of the oscillations is v 17.4 km/s. We note that the amplitude of the strain oscillations decays. This can be due to strain propagation in the lateral direction as well as due to sound dissipation, phenomena that are not taken into account in our theoretical model. Data collected in experiment 3 are shown in Fig. 4(c) . Here, the strain continues to oscillate about a decaying baseline η 0 (τ ) α T 0 (τ ). The curve that approximates this decaying baseline is the result of numerical simulation for T 0 (τ ) temperature relaxation due to one-dimensional (radial direction) heat conduction in diamond. Here, the characteristic time for relaxation of the lattice parameter is ≈10 μs. The data fluctuating about zero corresponds to the laser off signal and thus reflects a noise level of ≈10 −8 (rms). We note that the strain oscillations were clearly resolved only at τ 1 μs.
V. CONCLUSIONS
In conclusion, we measured dynamics of thermal expansion in a single-crystal diamond upon heating by a low-flux optical laser pulse through the entire sample thickness (200 μm). Thus, temperature gradient and heat transfer across the sample thickness were minimized. The measurements were performed using high-energy-resolution x-ray diffraction (diamond 008 reflection in backscattering) with strain sensitivity of ≈10 −8 . We have shown that in the initial regime of a few nanoseconds, the development of the onset of thermal expansion is solely due to thermally induced strain propagating with the speed of sound for longitudinal waves from both crystal surfaces into the bulk. Time-dependent asymmetric distortion of the reflectivity curves was observed in agreement with dynamical diffraction simulations using the expected propagating strain profiles. In the second time regime, a strain standing wave across the thickness of the crystal is established, and the lattice parameter oscillates about the onset value. The amplitude of these oscillations decays with a relaxation time on the order of 1 μs. In the third time regime, the onset value decays as a result of heat conduction away from the probed region. Thus, in absence of heat transfer, the dynamics of thermal expansion is due to strain propagation with the speed of sound and the relevant time scales can extend far beyond observation times of ≈1 ns.
The results of this study provide practical guidance on dynamics of thermal expansion of a realistic optical element under the heat load of a pulse train of penetrating radiation with a pulse duration of a few picoseconds. The dynamics of thermal expansion alone should not deteriorate Bragg reflectivity of the optical element during the interaction time of the lattice with the radiation pulse. The results are of major importance for the development of x-ray optics for the XFELO and high-repetition-rate XFEL.
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